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ABSTRACT 
T b i s  r epo r t  desc r ibes  the hardware des ign and the  test plan needed 
t o  v e r i f y  t h e  REFSAT concept. 
A t  a given moment, all users o f  t h e  NAVSTAR Global  P o s i t i o n i n g  
Sys tem ( G P S )  l oca ted  w i t h i n  a  r a t h e r  l a r g e  geographica l  area a r e  r e q u i r e d  
to pe r fo rm  a number o f  i d e n t i c a l ,  common operations i n  o r d e r  t o  accompl ish 
a n a v i g a t i o n  " f i x"  ( a d d i t i o n a l  " locat ion-dependent"  operations a r e  also 
requ i red)  . 
Under t he  KEFSAT concept, the conlmon ope ra t i ons  a r e  performed a t  
a c e n t r a l  l oca t i on  and results broadcast v i a  a geos ta t i ona ry  r e fe rence  
satellite (REFSAT).  Th is  concept a l lows  a considerable r -educt lon i n  t h e  
cost  and complex i t y  o f  individual c i v i l  user  t e r m i n a l s .  
The hardware design o f  a  REFSAT/GPS r e c e i v e r  t e rm ina l  and the REFSAT 
t r a n s m i t t e r  s imu la to r  i s  described. 
Since s i x  o f  t h e  Phase I NAVSTAR GPS s a t e l l i t e s  a re  now ope ra t i ona l  
a demonst ra t ion test p lan  u t i l i z i n g  t h e  one-to-two hour per day v i ew ing  
window i s  a l s o  descr ibed. 
Equipment check-out p r e l i m i n a r y  t e s t  results are  presented. 
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0 REFSAT/GPS BREADBOARD-TEST TERMINAL HARDWARE DESIGN 
1.1 I n t r o d u c t i o n  
Th i s  s e c t i o n  descr ibes  t he  REFSAT/GPS r e c e i v e r  hardware des ign  f o r  
an exper imenta l  p ro to t ype  G P S  REFSAT-Aided Receiver.  The p r o t o t y p e  rece i ve r  
i s  t o  be used t o  v e r i f y  t h e  REFSAT concept,  making use o f  the Clear/Acqui-  
s i t i o n ,  C / A ,  code s i g n a l s  from the  Phase t GPS  s a t e l l i t e s  t o  determine 
a user t e r m i n a l ' s  geographica l  l o c a t i o n  w i t h  an e r r o r  n o t  exceeding 50 
meters (rrns) , 
A REFSAT-aided r e c e i v e r  makes use o f  a re fe rence  s i gna l  generated 
by the REFSAT system t o  a i d  GPS s i gna l  a c q u i s i t i o n  and t o  reduce the  
complex i ty  o f  user computations. The concept i s  i l l u s t r a t e d  In F igu re  1 
and cmpa red  w i t h  t h a t  o f  a conven t iona l  GPS r ece i ve r .  
The REFSAl system would c o n s i s t  o f  an e a r t h  s t a t i o n  and geosynchronous 
re l ay  s a t e l l i t e  se r v i ng  a p a r t i c u l a r  geographica l  area. A REFSAT Remote 
Control  S t a t  ion ( R c S )  would perform the  f o l  lowing f u n c t i o n s  normal l y  performed 
by i n d i v i d u a '  conven t iona l  GfS. r ece i ve r s :  
a Selec ts  f o u r  v i s i b l e  GPS s a t e l l i t e s  hav ing  minimum h o r i z o n t a l -  
d i l u t i o n - o f - p r e c i s i o ~ ,  (HDOP) ;  
Acqui res t h e  f o u r  GPS s a t e l l i t e  C/A s i g n a l s  and demodulates 
t h e  50 bps da ta  channel t o  o b t a i n  GPS s a t e l l i t e  ephemeris 
da ta ;  an o p t i o n  i s  t o  o b t a i n  ephemeris da ta  by Land Line, o r  
o t h e r  means; 
a Computes c u r r e n t  GPS s a t e l l i t e  p o s i t i o n  coord ina tes ;  
Computes c u r r e n t  GPS s a t e l l i t e  bopp le r  c o e f f i c i e n t s .  
I n  a d d i t i o n  t o  GPS dopp le r  c o e f f i c i e n t  data,  the  REFSAT R C S  t r ansm i t s  a  
s t ab le  r e fe rence  c a r r i e r  f requency, o f f s e t  f rom the  G P S  C/A s i gna l s ,  For 
r ap id  a c q u i s i t i o n .  
The REFSAT s igna l  thus  con ta ins  a s t a b l e  re fe rence  c a r r i e r  f requency. 
cu r ren t  GPS s a t e l l i t e  p o s i t i o n  coord ina tes  and dopp le r  c o e f f i c i e n t  da ta  
which i s  t r a n s m i t t e d  tg  t h e  geosynchronous REFSAT s a t e l l i t e  f o r  broadcast 
t o  GPS REFSAT Mobi i e  Termina ls  (RMTS) .  
As shown i n  F i gu re  I ,  a REFSAT RMT per forms the  f o l l o w i n g  f unc t i ons :  
Acqui res the REFSAT reference c a r r i e r  frequency which i s  s t a b l e  
w i t h i n  - + 10 Hz as a re fe rence  frequency fo r  GPS s igna l  a c q u i s i t i o n ;  
m Demodulates REFSAT doppler  c o e f f i c i e n t  da ta  and computes doppler  




4 COHYEEITIOHAL I 
I GPS RECEIVER I agdu111r  
I €*tit h ) r U  TERHIMAL I I 
I 1 
I I 
1 I  
I Wprlm GY I 
I S I I C l l l t l  P O ~ l t l O l  1 
I Cmrdl~t~$ I 


















Figure 1. The REFSAT Concept. 
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Demodulates c u r r e n t  GPS s a t e l l i t e  p o s i t i o n  coo rd i na te  da ta  f rom 
the  REFSAT s i g n a l ;  
Makes pseudo-range measurements t o  four  se l ec ted  GPS s a t e l l i t e s ;  
Solves G P S  n a v i g a t i o n  equa t ion  t o  determine user  p o s i t i o n ;  an 
o p t i o n  i s  t o  use a "report-back" t r a n s m i t t e r  t o  r e l a y  pseudo- 
range measurements back t o  t h e  RCS f o r  computat ion o f  user  
p o s i t i o n .  
For p r e l i m i n a r y  t e s t s  w i t h  Phase 1 GPS s a t e l l i t e s ,  severa l  o f  the  
f unc t i ons  shown i n  F i gu re  1 w i l l  be s imu la ted  o r  performed o f f - l i n e  as 
f o l  lows: 
S ince t h e  ATS-6 sa te1  1 i t e  i s  n o t  ava i  \ a b l e  t o  test  t he  REFSAT 
concept,  a  low-power ( i n  the o r d e r  o f  -120 dBW e .  i . r a p . * )  
t r a n s m i t t e r  r a d i a t i n g  w i t h i n  a few fee t  o f  t h e  REFSAT-aided 
r e c e i v e r ' s  antenna w i l l  be used as a  s imulated REFSAT; 
a Since c u r r e n t  GPS s a t e l l i t e  ephemeris da ta  i s  no t  a v a i l a b l e  
el t h e r  i n  zdvance o r  i n  r ea l  time$+$:, t he  REFSAT re fe rence  s i gna l  
used f o r  exper imenta l  p ro to t ype  t e s t i n g  w i l l  c o n t a i n  dummy G P S  
s a t e l l i t e  p o s i t i o n  coo rd i na te  da ta  messages. Measured pseudo- 
range values ou tpu t  f ror r  t he  r e c e i v e r  w i l l  be recorded f o r  l a t e r  
o f f - 1  i n e  s o l u t i o n  o f  t he  GPS n a v i g a t i o n  equa t ion  (when cop ies  
o f  t he  d a i l y  G P S  upload da ta  c o n t a i n i n g  t h e  requ i r ed  ephemeris 
d a t a  have been rece i ved  by m a l l  f rom Vandenberg A F B ) .  
F igure  2 i l l u s t r a t e s  the  p r o t o t y p e  REFSAT/GPS r e c e i v e r  and t he  REFSAT 
s imu la t i on  t h a t  w i  1 1  be used f o r  p r e l i m i n a r y  t e s t s .  
The remainder o f  t h i s  document i s  conta ined i n  f o u r  sections: 
a REFsAT/GPS Breadboard-Test Terminal  Hardware Design 
a REFSAT Transm i t t e r  S imu la to r  Hardware Design 
a REFSAT/GPS Receiver Terminal  Test  Plan 
Checkout Test Performance 
; E f f e c t i v e  I s o t r o p i c  Radia ted Power 
** The REFSAT-aided r e c e i v e r  i s ,  by design, incapab le  o f  d i r e c t l y  
demodulat ing the G P S  n a v i g a t i o n  message (50 bps da ta ) .  
GP5 Signal 
1575.42 1!Rz R c q ~ 1 s I t i ~ n  
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Figure 2. Prototype REFSAT/GPS Receiver and Simulated REFSAT. 
1.2 Sys tern Descr i p t  Ion  o f  Pro to type  REFSAT/GPS Receiver 
This s e c t i o n  descr ibes the func t i ona l  b l ock  diagram ( ~ i ~ u r e  2)  f o r  
Prototype REFSAT/GPS Receiver t o  be used t o  v e r i f y  t h e  REFSAT concept. 
The f o l  lowinq sect ions c o n t a i n  c i  r c u i r  d e s c r i p t i o n s  of  the rece iver .  
The s imulated REFSAT, a l s o  shown on F igure  2 i s  descr ibed i n  a  l a t e r  sec t ion ,  
The r e c e i v e r  processes: 
S igna l s  from f o u r  GPS s a t s l l i t e s :  
1575.42 MHz .t 4 kHz maxlmum doppler ,  c o n t a i n i n g  1.023 MHz 
C/A code (unique f o r  each s a t e l  1  i t e )  
a REFSAT re ference s i g n a l  con ta in ing :  
10 
a  s t a b l e  re ference c a r r i e r  frequency (+ - 5 p a r t s  10 ) a t  
1556.40 MHz and, 
t he  REFSAT data  word stream (128 bps FSK, 1556,4070 MHz and 
1 556.4072 MHZ) . 
The received slgnals a r e  separated f rom o t h e r  i n c i d e n t  s i g n a l s  by a  30 MHz 
wide bandpass f i l t e r  (FL-1) b e f o r  p r e a m p l i f l c a t l o n .  The rece i ve r  re ference % osci 1 l a t e r  ( T O  MHz 1 p a r t  i n  10 ) and frequency syn thes izer  p rov ide  the 
necessary r e c e i v e r  l o c a l  o s c i l l a t o r  s i g n a l s  a t  1535 MHz and 21.0 MHz. 
Fo l low ing  the  f i r s t  m i xe r  (M-I), t h e  GPS and REFSAT s iqna l s  are  
separated i n t o  two channels. The r e s u l t a n t  1s t  I F  f requencies a r e  
40.42 MHz -t 4 kHz maximum expected doppler  s h i f t  f o r  the  GPS channel 
and 21.4 MRZ for the REFSAT channel. The f o l l ~ w i n g  mixers  i n  each cha in  
share a common 21 MHz l o c a l  o s c i l l a t o r  frequency, r e s u l t i n g  i n  2nd IF 
f requencies o f  19.42 MHz 2 4 kHz f o r  t h e  GPS channel and 0.40 MHz f o r  the 
REFSAT channel. 
The REFSAT s igna l  i s  a p p l i e d  t o  a PLL demodulator t o  separate the  
0.400 MHz re fe rence  c a r r i e r  f rom the FSK da ta  s i gna l  (7.0 and 7.2 kHz). 
The FSK data s i gna l  i s  passed through a demodulator and thence as a 128 
bps s e r i a l  b i t  stream t o  t h e  rece i ve r  microprocessor.  
The r e c e i v e r  microprocessor  makes use o f  the  dopp le r  c o e f f i c i e n t  data 
f rom the REFSAT data stream a long  w i t h  an approximate knowledge o f  r ece i ve r  
p o s i t i o n  t o  compute dopp le r  o f f s e t  va lues f o r  each o f  the  f ou r  GPS s a t e l -  
l i t e  s i g n a l s  t h a t  must be acqu i red .  These doppler  o f f s e t  values a r e  
app l i ed  t o  a frequency syn thes i ze r  t o  product a 19.020 MHz l o c a l  o s c i l l a t o r  
s i gna l  which may be s h i f t e d  5 kHz i n  25 Hz steps f o r  doppler  compensation. 
Th i s  I1doppler compensation" s i gna l  i s  mixed w i t h  t h e  recovered REFSAT 
reference (0.40 MHz)  i n  M-7. The r e s u l t a n t  13.42 MHz s igna l  i s  then 
modulated w i t h  the a p p r o p r i a t e  1.023 Mbps C/A code i n  M-6 corresponding t o  
a p a t t i c u l a r  GPS s a t e l l  i r e .  
GPS s ignal  c o r r e l a t l o n  i s  then accornpl ished i n  M-4 and M-5 and 
associated c i r c u i t s  under con t ro l  o f  the receiver  microprocessor, For 
a p a r t i c u l a r  GPS satellite, inputs t o  the c o r r e l a t i o n  mixers M-4 and 
M-5 are: 
a Four (or  more) GPS signals whose center frequency f s  19.42 MHz 
+ 4 kHz, and con ta ln lng  a frequency e r r o r  present i n  the rece iver  
- 
reference o s c i l l a t o r  as much a s  1535 H:, and 
"Doppler cor rec t  ion" s ignal  whose c a r r i e r  frequency I s  19.420 !lHz 
+ computed doppler cor rec t  ion, and conta1 n i  ng the same frequency 
e r r o r  present i n  the receiver  reference o s c i l l a t o r ,  
Thus, frequency e r ro rs  due t o  the rece iver  reference o s c ~ l l a t o r  cancel .  
The a f f e c t i v e  ;requency accuracy o f  the "doppler cor rec t ton"  s ignal  
i s  e s s e n t i a l l y  tha t  o f  the reference o s c i l l a t o r  employed In the REFSAT 
t r ansmi t te r  simulator ( 1 ~ 5 6 ~ 4  x 5 x 1 0 " ~  MHz = 0.8 H Z ) ,  l i m i t e d  by the 
25 Hz synthesizer r e s c l u t i o n .  As a r e s u l t ,  GPS s lgna l  a c q u i s i t i o n  can 
be a c c ~ m p l i s t ~ e d  w i thout  a lensthy frequency search.* 
Fol lowing GPS s igna l  acq t * ' - t i t i on ,  t he  receiver  m i c r o p r o c e s ~ c ~  
determines pseudo-range values t o  each o f  the four  GPS sa te l  1 i tes by 
measuring the t i m e  ofFset, ketwczrr the f o u r  C/A code epochs from each 
of  f ou r  G P S  satellites, r c i s  output data I s  recorded f o r  l a t e r  o f f -  
l i n e  ana lys is .  
1.2.1 REFSAT/GPS Receiver Noise Budget 
Table 1 shows receiver noise budget camputations. Components from 
Figure 1 a re  l i s t e d ,  i n  o rder ,  from the antenna through the 1 s t  I F  a rnp l i f l e r  
along w i t h  the equivalent  noise temperature o f  each referenced t o  the 
antenna terminals .  
Since the present rece iver  design does not  inc lude an image f i l t e r  
preceeding the 1st mixer,  the  additional "image" cioise has a l s o  been 
computed. The add i t i on  o f  an image f i l t e r  would reduce the equivalent  
system temperature from 1434 t o  1017 Kelv in .  The r e s u l t a n t  1.5 dB reduct ion 
does n o t  j u s t i f y  the a d d i t i o n a l  expdnse o f  such a f i l t e r .  
Note tha t  t h e  noise budget g iven  i n  Table 1 Includes the e f f e c t  o f  
30 f ee t  o f  RG-214 transmission 1 ine between the antenna and the receiver. 
Should t h i s  transmission l i n e  be removed, or the 1st mixer, LNA-I, and 
the f i l t e r  FL-1 be remotely located a t  the antenna, the  equ iva len t  
- 
A The four required GPS s igna ls  a re  acqiured, and then sampled, sequent ia l l y .  
TABLE I 
RECEIVER NOlSE BUDGET 
Noise  Loss 





Antenna - - 170 K 
30' RG-214 - 2.00 290 (2.00-1 ) 
( 3  di! loss) 
Filter, FL-1 - 1.23 290(1.23-ljx2.~3 
(0.9 dB loss) 
LNA-1 (30 dB 1.58 1 /lo00 290(1.58-ijx? -23~2.33 
gain,  2 dB NF) 
Mixer,  M-1 (6 dB 5.01 3.98 290(5.01-1)x~1/500~)~1.23x2.00 - 3 K 
loss, 7 dB NF) 
Amp-1 (28 dB g a i n ,  3.31 
5.2 dB NF) 
1017 # 
Since no image filter is used: Noise a t  image frequency from LNA-1 414 K 
Noise  a t  image frequency from M-1 3 K 
Equivalent system nolse temperature 1434 K 
r ece i ve r  n o i s e  temperature would be reduced t o  653 K. Use o f  an image 
f i l t e r  c o u l d  reduce t h i s  va l ue  t o  445 K. 
1.2.2 GPS and REFSA'T S igna l  RF L Ink Computations 
GPS s i g n a l  RF l i n k  cornputatlons a re  g i ven  i n  Table  2. The GPS 
s igna l  power a t  the r e c e i v i n g  antenna o u t p u t  i s  expect3d t o  be -158.5 dBW. 
For the  1434 # r ece i ve r  n o i s e  temperature shown on Table  1, the 
r e s u l t i n g  GPS c a r r i e r - t o - n o i s o  dens i t y  r a t i o  i s  expected t o  be 38.5 dB-Hz 
f o r  a 5.5 dB C / N  i n  the  nominal 2 k t z  p o s t  c o r r e l a t i o n  bandwidth. Th i s  
va lue may be increased t o  41.9 dB-H2 fo r  a 8.9 dB C / N  r a t i o  should the  
e f f e c t  o f  the antenna t ransmiss ion  l i n e  be e l im ina ted ,  
REFSAT s igna l  l i n k  computat ions a r e  g i ven  cn Table 3. The REFSAT 
c a r r i e r  s i g n a l  power a t  the r ece i v i ng  antenna ou tpu t  i s  expected t o  be 
-146 dBW. For  the  r e c e i v e r  no ise temperature shown on T s b l e  1, t h e  
r e s u l t i n g  REFSAT c a r r i e r - t o - n o i s e  d e n s i t y  i s  expected t o  be 5 1 , O  dB-Hz, 
cor responding to an Eb/N, va lue  of  20.0 dB. 
TABLE 2 
GPS CHANNEL t INK COMPUTATIONS (1575.42 M,!z) 
Radiated Power (sate1 1 i t e )  
T r a n s m i t t i n g  Antenna Gain 
Free Space Loss 
Atmospheric Loss 
P o l a r i z a t i o n  Loss 
Rece iv ing  Antenna Gain 
I 
Resu l t an t  power a t  r e c e i v i n g  an~enna  o u t p u t  -158.5 d0W I 
Equ i va len t  r ece i v i ng  system nn ise  temperature 31.6 dBK I 
(1434 K f rom Table 1) I 
Bol tzmann's constant  (J/K)  -228.6 dB(J/K) I 
Resu l t an t  c a r r i e r - t o - n o i s e  dens i t y  r a t i o ,  C/No 38.5 dB-Hz 
Requi r e d  C fo r  s p e c i f i e d  ~ e r f o r k a n c e  . 35.2 dB-Hz 
Excess Margin 3.3 dB I 
TABLE 3 
REFSAT S l GNAL CHANNEL L l NK COMPUTATIONS ( 1  556.40 MHZ) 
Equ iva len t  I s o t r c p i c  Radiated Power -120.0  dBW 
Free Space Loss (1 f o o t )  -26 .0  dB 
P o l a r i z a t i o n  Loss - 3 .0  dB 
Receiv ing Antenna Gain 3 . 0  d5 i  
- 
Resu l tan t  c a r r i e r  power a t  r e c e i v i n g  antenna -146.0 dBW 
output  
Equ iva len t  rece iv ing  system noise (1434 K 31 .6  dBK 
from Tab le  1 )  
Bol tzmann's constant -228.6 dB (J/K) 
Resu l tan t  c a r r i e r - t o - n o i s e  dens i ty  r a t i o  51 -0 dB-Hz 
Car r  ier-to-FSK sideband r a t i o  -10 .0  dB 
- - -- 
Resultant d a t a  s i g n a l - t o - n o i s e  dens i ty  r a t i o ,  C/No 41.0 dB-Hz 
Data r a t e  (128 b / s )  2 1 . 0  dB 
Resvl tan  t Eb/No ra t  i o 
Est imated  b i t  e r r o r  r a t e  
20.0 dB 
l ess  than 10-9 
1.3 C i r c u i t  Desc r i p t i on  o f  P ro to t ype  REFSAT/GPS Receiver Terminal  
T h i s  s e c t i o n  descr ibes a breadboard REFSAT/GPS Receiver Terminal  
shown i n  F i gu re  3 .  
, The REFSAT/GPS Receiver uses a re ference s i g n a l  generated by t he  
REFSAT system t o  a i d  G P S  s i g n a l  a c q u i s i t i o n  2nd t o  reduce the  complex i t y  
o f  user cornputat ions.  
B r i e f l y ,  t he  dual-channel REFSAT-aided r e c e i v e r  performs t he  
f o l l o w i n g  f unc t i ons :  
1 ) Acqu i res the  REFSAT r e fe rence  s igna 1 con ta  i n i  ng: 
a )  A s t a b l e  c a r r i e r  f requency s i g n a l  which serves as the  
rece i ve r  p r e c i s i o n  frequency re fe rence .  
b) GPS doppler cocf f  i c i e n t  data (128 bps FSK) 
2 )  U t i l i z e s  the s t a b l e  REFSAT c a r r i e r  s i g n a l  and doppler  da ta  f o r  
a c q u i s i t i o n  o f  4 GPS s a t e l l i t e  s i gna l s .  
The dual-channel ,  L-band REFSAT-aided r e c e i v e r  shown i n  F i gu re  3 
rece ives b o t h  t h e  3EFSAT r e fe rence  s i g P t > l  (1556.4011 MHz) and GPS NAVSTAR 
s a t e l l i t e  emissions (1575.420 MHz C/A s i g n a l ) .  The CHU Assoc ia tes 
antenna p rov ides  essen t i a l  1 y  hemi sphe r i ca l  coverage ( 3  dBi norni n a l  g a i n  
f o r  e l e v a t i o n  anglcs  o f  30 degrees o r  g rea te r  above the h o r i z o n  as shown 
on F igure 4 ) .  
For i n s t a l l a t i o n s  r e q u i r i n g  a remote antenna l o c a t i o n ,  t he  p r e s e l e c t o r  
f i l t e r ,  preamp1 i f i e r ,  and f i r s t  m ixer  may be p laced  c l ose  t o  t h e  antenna, 
s i g n i f i c a n t l y  reduc ing t r ansm iss i on  cab le  losses .  
S igna ls  f rom the antenna a r e  passed through a 4-pole c a v i t y  p rese lec to r  
f i  1 t e r  (1565 MHz fo, 30 MHz BW a t  -3 dB p o i n t s ) ,  reduc ing e f f e c t s  o f  ou t -  
of-band i n t e r f e rence .  A low-noise preamp] i f  i e r  (2  dB NF, 30 dB ga in )  
i s  prov ided ahead o f  the f i r s t  mixer ,  where a 1535 MHz local oscillator 
sign31 r e s u l t s  i n  1s t  I F  f requenc ies  o f  40.42 MHz f o r  GPS s i g n a l s  and 
21.4 MHz f o r  the  REFSAT re ference s i gna l .  Tandem pos t  amp1 i f i e r s  (28 dB 
ga in  each) p rov i de  a d d i t i o n a l  g a i n  be fo re  t he  two channels a r e  separated 
by a power d i v i d e r  and bandpass f i l t e r s ,  FL-2 and FL-3. 
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Figure 4. Receiving Antenna Elevation Pattern. 
1.3.1 REFSAT Signal  Channel 
A f t e r  1 s t  I F  pos t  a m p l i f i c a t i o n ,  t h e  REFSAT s l gna l  i s  separated from 
t h e  GPS s igna l s  by bandpass f i l t e r i n g  (21.4 MHz f , ,  30 kHz BW c r y s t a l  
f i  1 t e r  FL-3). A f t e r  f u r t h e r  ampl l f i c a t  i on ,  t h e  REFSAT s l g n a l  i s  converted 
t o  a 2nd I F  o f  400 kHz u s i n g  balanced m ixe r  M-3 and a 21 MHz LO s i g n a l .  
The s i g n a l  Is f u r t h e r  ampl l f i e d  and f i l t e r e d  be fo re  c a r r i e r  recovery  and 
demodulat lon i n  t h e  phase- locked loop, PLL-I, A t  t h i s  p o i n t ,  t he  REFSAT 
s l g n a l  cons i s t s  o f  a c a r r i e r  a t  400 kHz and data con ta ined  i n  two FSK 
s i d e  tones a t  407.0 kHz and 407.2 kHz. The s i g n a l  i s  s p l i t  i n t o  two paths 
( in-phase and quadrature)  t o  p rov l de  t h e  needed i npu t s  t o  the  phase-locked 
loop  demodulator, PLL-1. 
The AM ou tpu t  o f  PLL-1 con ta i ns  REFSAT da ta  i n  the  form o f  FSK tones 
a t  7.0 kHz and 7.2 kHz. T h i s  s i gna l  i s  f i l t e r e d  and a p p l i e d  t o  PLL-2 f o r  
demodulat ion appearing as a s tandard TTL l e v e l  s e r i a l  b i t  stream a t  
"FSK o u t "  f rom PLL-2. The b i t  stream Is supp l i ed  as an ou tpu t  t o  t he  
r n i c r o p r o c e s s ~ r  f o r  GPS dopp le r  c o e f f i c i e n t  data.  
The recovered REFSAT c d r r i e r  appears a t  p i n  5 o f  PtL-1 and i s  used 
as t h e  s t a b l e  frequency re fe rence  needed f o r  GPS s i g n a l  a c q u i s i t i o n .  Note 
t h a t  a t  the  antenna, the REFSAT c a r r i e r  f requency i s  p r e c i s e l y  19.02 MHz 
below the G P S  s a t e l l i t e  c a r r i e r  frequency ( n e g l e c t i n g  dopp le r ) .  Since 
bo th  the REFSAT and GPS s i g n a l  channels share common LO s i g n a l s  f rom the  
r e c e i v e r i s  master o s c i l l a t o r ,  t h i s  p r e c i s e  f requency d i f f e r e n c e  i s  
mainta ined independent o f  i n s t a b i l i t i e s  assoc ia ted  w i t h  t he  r e c e i v e r  
master o s c i  1 l a t o r .  
The 400 kHz recovered REFSAT c a r r i e r  a t  p i n  5 o f  PLL-I i s  appl  i ed  t o  
m ixer  M - 7  a long w i t h  a d i g i t a l l y - c o n t r o l l e d  dopp le r  o f f s e t  s i g n a l  f rom 
t h e  f requency syn thes i ze r .  The d i g i t a l l y - c o n t r o l l e d  s i g n a l  has a cen te r  
frequency o f  19.020 MHz and may be v a r i e d  2 5 kHz i n  25 Hz s teps  by the  
microprocessor  f o r  dopp le r  compensation. The ou tpu t  o f  m ixer  M-7 
(19.420 MWZ) Is i d e n t i c a l  i n  f requency t o  t h a t  o f  GPS s i gna l  channel 2nd 
IF ,  n e g l e c t i n g  dopp le r ,  T h i s  ou tpu t  i s  f i l t e r e d  i n  FL-4 (19.420 MHz fo, 
390 kHz BW) t o  reduce unwanted m ix i ng  components. Th i s  re fe rence  c a r r l e r  
i s  modulated i n  mixer  M - 6 w i t h  a r e p l i c a  o f  t he  GPS C/A code generated by 
the microprocessor and phase s h i f t e d  i n  t h e  h y b r i d  t o  produce in-phase "I" 
and quadrature "Q" channel re fe rence  s i g n a l s  f o r  C/A code c o r r e l a t i o n ,  
1.3.2 GPS Signal  Channel 
Re tu rn ing  t o  the 1 s t  I F  post a m p l i f i e r s ,  t h e  GPS s i g n a l s  a r e  separated 
f rom t h e  REFSAT s igna l  b y  bandpass f i l t e r i n g  (6% BW FL-2) . A f t e r  amp1 i f i -  
c a t t o n  (28 dB), t h e  GPS channel i s  conver ted  t o  a 19.42 MHz 2nd I F  i n  mixer  
M-2 ( sha r i ng  a 21 MHz l o c a l  o s c i l l a t o r  s i g n a l  w i t h  t he  REFSAT channel ) .  
T h l s  2nd I F  s igna l  i s  then passed through an AGC amplifier t o  produce 
constant  amp1 f tude s i g n a l s  f a r  code c o r r e l a t l o n .  The o u t p u t  o f  the AGC 
a m p l i f i e r  i s  d i v i d e d  in to  two channels for c o r r e l a t i o n  wlth the two 
quadrature re ference s i g n a l s  der i ved  f rom t h e  REFSAT channel (mixers M-4 
and M-5). The r e s u l t a n t  I and Q channels a r e  then processed t d e n l l c a l  l y  
throdgh 2 kHz BW a c t i v e  f i l t e r s ,  Integr.~te-and-dump c i r c u i t s ,  and f a s t  
AfD conver to rs  ( 4  p s )  , The t i m i n g  f o r  the integrate-and-dump and A/D 
c f r c u f t s  i s  synchronized end c o n t r o l l e d  f r om  the  microprocessor  v i a  t he  
8253 programmable i n t e r v a l  t i m e r  a t  a 1 -m i l l i second  (ms) rare .  The 
I n t e g r a t e  and s ta r t - conve rs i on  commands a r e  t r i g g e r e d  by programmed 
delays i n  counters w i t h i n  t h e  8253. The end-of-conversfon p u l s e  from 
the I channel A D T - E B H B  t r i g g e r s  the 8253 t o  r e s e t  the  I n t z g r a t  Ion-and- 
dump c i r c u i t s ,  s e t t i n g  t he  code loop t o  i n t e g r a t e  over another  code word 
f o r  sequen t i a l  c o r r e l a t i o n  w i t h  4 GPS s a t e l l i t e  s igna l s .  
1.3.3 Receiver Frequency Synthes izer  
The rece i ve r  f requency syn thes ize r  shown on F i g c r e  5 generates 
th ree  local o s c i l l a t o r  s i g n a l s :  
a 1 s t  LO, 1535.00 MHz 
r 2nd LO, 21.00 MHz 
a 3 rd  LO and dopp le r  compensation, 19.020 MHz .t- 5 kHz i n  
25 Hz steps, 
A t  l s i g n a l s  a re  der i ved  f rom t h e  rece i ve r  master o s c i l l a t o r  (10 MHz X O ,  
I ppm) u s i n g  d i g i t a l  d i v i d e r s ,  phase-locked mu1 t i p 1  i e r s ,  and balanced 
mixers. The L-band 1s t  LO s i g n a l  makes use o f  a s tep-recovery  dfode 
(SRD)  . 
Doppler compensation i s  p rov ided  by v a r y i n g  t h e  f requency o f  a 
20 kHz VCO -t- 5 kHz I n  25 Hz s t e p s  upon command o f  the pprocessor  v i a  the 
D/A conve r t e r  shown on Figure 5, 
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Flgure 5 .  Recefver Frequency Synthesizer. 
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2.0 REFSAT TRANSMITTER SIMULATOR 
The REFSAT/GPS Receiver  makes use o f  t h e  REFSAT r e fe rence  s i gna l  t o  
.a id acquisition o f  GPS s a t e l l i t e  emissions and t o  reduce computat ions a t  
the user  r ece i ve r .  The REFSAT re fe rence  s l gna l  c o n s i s t s  o f :  
a )  a s t a b l e  c a r r i e r  a t  a f requency o f  19.02 MHz below that  
o f  GPS s a r e l  1 i t e  emissions (1556.40 MHz f o r  REFSAT) and, 
b )  a 128 bps da ta  stream (FSK, 1556,4070 MHz and 1556,4072 MHz) 
con ta i n i ng  GPS dopp le r  c o e f f i s i e n t  and o t h e r  da ta .  
I t  was o r i g i n a l l y  planned t o  t r ansm i t  the  REFSAT re fe rence  s i gna l  
through ttte ATS-6 sate1 1 f r e ,  Since ATS-6 i s  no longer  ava i  l a b t e ,  i t  has 
been necessary t o  p r o v i d e  a separate t r a n s m i t t e r  to  s imu la te  t he  REFSAT 
4ransmissIon. Th is  s e c t i o n  prov ides a  more d e t a i l e d  description o f  the  
c i r c u i t  shown i n  F i gu re  2 t o  per fo rm t h i s  func t ion .  
A block diagram o f  t h e  REFSAT t r a n s m i t t e r  s i m u l a t o r  i s  shown on 
F igure  6. A temperature c o n t r o l  fed  c r y s t a l  osc i  1 l a t o r  (TCXO) , s t a b l e  
t o  5 p a r t s  In 101O, i s  t h e  re fe rence  f rom which the REFSAT r e fe rence  
c a r r i e r  i s  de r i ved  i n  o r d e r  t o  ach ieve the requ i r ed  frequency s t a b i l i t y  
(+ - 10 HZ) . 
The s e r i a l  REFSAT data  stream (128 bps) modulates a v o l t a g e  c o n t r o l  l e d  
osc i  1 l a t o r  ( V C O ) ,  produc ing  FSK s ide tone  s i g n a l s  a t  7.0 and 7.2 kHz. The 
FSK s ldetones and a  455 kHz c a r r i e r  s i g n a l ,  de r i ved  f rom t h e  10 MHz master 
o s c i l l a t o r ,  a re  a p p l i e d  to  an AM modulator.  A bandpass f i l t e r  r e j e c t s  the 
lower sideband, y i e l d i n g :  
a A re fe rence  c a r r i e r  a t  455 kHz and, 
FSK sidetones a t  462.0 and 462.2 kHz. (FSK s idetones a r e  10 dB 
below the re fe rence  c a r r i e r . )  
The composite REFSAT s igna l  i s  then  t r a n s l a t e d  t o  21.4 MHz, 121.4 MHz, 
and f i n a l  1  y t o  1556.4 MHz ( c a r r i e r  f requency) f o r  t ransmiss ion .  
NOTE: Frequencies s h m  in HHz 
Figure 6 .  REFSAT Transmitter Simulator Block Diagram. 
3.0 REFSAT/GPS RECEIVING TERMlN4L TEST PLAN 
T h i s  t e s t  p l an  d e f i n e s  t h e  equipment connect ions and procedures 
npcessary t o  per form l a b o r a t o r y  and s a t e l l i t e  proof -o f -concept  t e s t s  o f  
the REFSAT/GPS sys tem i n c l  ud l ng  as t e s t  o b j e c t  i ves :  
V e r i f i c a t i o n  o f  the  REFSAT concept ,  
Measurement o f  t h e  t e r m i n a l ' s  geographica l  l o c a t i o n  w i t h  an 
e r r o r  o f  no t  more than 50 meters (rms) f o r  s i g n a l s  
(C/A code) f rom the  Phase I GPS sa te  1 1 I tes .  
As shown on F igu re  1 (Sec t ion  I o f  t h i s  dqcument), the REFSAT-aided 
user r e c e i v e r :  
e Acqui res the  REFSAT re fe rence  c a r r i e r  (which serves as a s t a b l e  
r e c e i v e r  re fe rence  f o r  GPS s i g n a l  a c q u i s i  t i o n ) ,  
Demodulates c u r r e n t  doppler  c o e f f i c i e n t  da ta  and computes 
doppler c o r r e c t i o n s  f o r  r a p i d  G P S  s igna l  a c q u i s i t i o n ,  
Demodulates c u r r e n t  GPS s a t e l l i t e  p o s i t i o n  s o o r d i n a t e  d a t a  
f o r  d i r e c t  i n s e r t i o n  i n t o  GPS n a v i g a t i o n  equa t ion  s o l u t i o n ;  
a Makes use o f  REFSAT c a r r i e r  r e fe rence  and computed dopp le r  
c o r r e c t  ions to acqui  r e  se l ec ted  GPS C/A s i g n a l s ;  
a Measures pseudo-ranges t o  4 s e l e c t e d  GPS s a t e l  1 i tes ;  
Solves GPS n a v i g a t i o n  equa t ion  t o  determine user p o s i t i o n ,  
Since the  ATS-6 s a t e l l i t e  w i l l  n o t  be a v a i l a b l e  t o  test  the  REFSAT 
concept as o r i g i n a l l y  planned, a low-power t r a n s m i t t e r  r a d i a t i n g  i n  
the immediate v i c i n i t y  of t h e  REFSAT-aided r e c e i v e r ' s  antenna w i l l  be 
used. 
Since cu r ren t  GPS s a t e l l i t e  ephemeris da ta  i s  n o t  r e a d i l y  a v a i l a b l e  
e i t h e r  i n  advance o r  i n  r e a l  t imes, t he  REFSAT re fs rence  s i gna l  used 
f o r  t e s t i n g  w i l l  con ta i n  duminy G P S  s a t e l l i t e  p o s i t i o n  coord ina te  da ta ,  
Measured pseudo-range va lues f rom t h e  r e c e i v e r  w i l l  be recorded f o r  
l a t e r  o f f - l i n e  s o l u t i o n  o f  the  GPS n a v i g a t i o n  equa t ion  when c c ~ i e s  of 
d a i l y  GPS upload data c o n t a i n i n g  the  r e q u i r e d  ephemeris da ta  a re  a v a i l -  
ab le  seve ra l  days l a t e r  f rom the Vandeberg A i r  Force Base. 
-- -- 
+ The REFSAT-aided r e c e i v e r  i s ,  by des ign ,  incapable  o f  demodulat ing 
the  GPS nav iga t i on  message. 
The remainder o f  thls section i s  devoted to detailed deflnitlons o f  
the GPS satellite constellation viewing IJwindowa1, the experimental test 
connections,  and procedures for conducting the necessary tests and data  
reduct ion. 
3.1  Typ i ca l  GPS S a t e l l i t e  C o n s t e l l a t i o n  Viewing Window 
NAVSTAR Phase I nominal o r b i t  i n fo rmat  I on  f o r  the 4 GPS s a t e l l  I tes  
ope ra t i ona l  a t  the beginn ing o f  1980 I s  l i s t e d  on Table 4 ;  (GFS s a t e l l i t e  
orb1 t p o s i t i o n s  1 ,  2, 3, 4, 5 ,  and 6 are c u r r e n t l y  occupled by ope ra t i ona l  
satel  ? l t es )  . The o rb ;  t parameters a r e  referenced to  m i  d n i g h t  (0 hours) 
Greenwich Mean Time (GMT) on 1 January 1979. On t h a t  date ,  t h e  ground t r a c k  
o f  NAVSTAR #5 occupying o r b i t  p o s i t i o n  # 1  would f i r s r  c ross t h e  equator i n  
t h e  South- to-Nor th  d i  r e c t i o n  a t  a l ong i t ude  o f  47.0 degrees a t  4 hours and 
44.5 minures on the 6MT r ime sca le ,  Some 43,078 seconds l a t e r  (about 11 hours 
58 minutes) i t  w i  I 1  aga in  c ross  t h e  equator  i n  t h e  South- to-Nor th  d i r e c t i o n ,  
t h i s  t ime a t  a l ong i tude  o f  227.0 degrees. The t i v e  o f  succeeding ascending 
node c ross ings  w i  1 1  be 4 minutes,  3.4 seconds e a r l  i e r  each fol lowing day:k. 
F i gu re  7 shows t h e  computed ground t r a c k s  f o r  those 4 GPS a rb !  t 
positions l i s t e d  i n  Table  4. The 20 degree e l e v a t i o n  v i s i b i l i t y  contour  
about t he  t e s t  s i t e  (washington, D . C . )  i s  a l s o  shown. A s a t e l l i t e  whose 
ground t r a c k  i s  Nor th  o f  the v i s i b i l i t y  con tour  will appear a t  an e l e v a t i o n  
o f  20 degrees o r  g rea te r  when viewed f rom t h e  t e s t  s i t e ,  
F i gu re  8 shows those p o r t l o n s  o f  the  GPS ground t r a c k s  between 1600 
and 2'200 hours  GMT ( the GPS cons te l  l a t  i on  v i ew ing  window f rom the  test  
s i t e ) .  The d i r e c t i o n  o f  ground track t r a v e l  i s  no ted  and each t r a c k  i s  
marked a t  1 hour I n t e r v a l s .  
F i gu re  9 shows a p l o t  o f  t he  individual sat ell it^ e l ~ v a t i o n  angles 
as viewed from the  t e s t  s i t e  as a f b n c t i o n  o f  t ime of  day. F i gu re  10 shows 
carnpdted d i  l u t ! o n - o f - p r e c i s i o n  values. The types o f  d i  l u t i o n - o f - p r e c i s i o n  
va 1 ues shown a r e  geornet r i c (GDOP) , t h r e e  dimensional  pos i t  ion (PDOP) , and 
two dimensional  h o r i z o n t a l  (HDOP).  T h i s  da ta  i s  repeated on an expanded 
s c a l e  on F igures  1 1  arid 12. Ti-re v iew ing  window when a l l  4 s a t e l  1 i t e s  a r s  
v i s i b l e  above the  ho r i zon  a t  the  t e s t  s i t e  extends f rom about 1600 t o  1950 
hours ( 1  January 1979 re fe rence)  da i  l y .  From F igu re  12, the d i  l u t i o n - o f -  
p r e c i s i o n  va lues reach a minimum o f  4 t o  6 w i t h i n  the  t e s t  window, r i s i n g  
r a p i d l y  a f t e r  1800 hours.  ( f o r  example, f o r  a DOP o f  5, e r r o r  i n  computed 
user p o s i t i o n  a re  expected t o  be about 5 t imes t he  e r r o r  i n  measured pseudo- 
range values.) The useable t e s t  window w i  1 l t h e r e f o r e  extend from about 
1630 hours through 1830 hours d a i l y  ( 1  January 1979 re fe rence) .  
Note tha t  the GMT time scale va lues g i v e n  on F igures  8 through 12 
app ly  t o  1 January 1979. The t ime, GMT' a t  which a p a r t i c u l a r  event occurs a t  
a l a t e r  da te  I s  g iven i n  decimal hours by:  
GMT1 [GMT - 0.0676 ( t imes t he  day o f  year a f t e r  1 Janusry 1979) l  
modulo 24 ( 1 )  
* The nominal ground t r a c e  o f  each s a t e l l i t e  i s  f i x e d  and t n e r e f o r e  repeats  
every  23 hours 55 minutes and 56.6 seconds. Th i s  depar tu re  from a 24 h r .  
p e r i o d  i s  p r i m a r i l y  due t o  t h e  d i f f e r e n c e s  between a s o l a r  and a s i de rea l  
day. 
TABLE 4 
NAVSTAR PHASE I ORBIT DATA 
AT FIRST ASCENDING NODE ON 1 JANUARY I979 
NODAL 






Note: Parameters above are nominal. Nodal period i s  cont ro l led  t o  L 2  s and longitude o f  ascending node 
i s  cont ro l led  to  2 deg. Hence the t i m e  o f  an ascending node may vary k 8  minutes. 
(Above data  from memo - J.E. Farr, P.S. Jorgensen, 8 August 1978; Modified June 1980 NAVSTAR SATELLITE #) , 1 
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Figure 7, GPS Sa te l l i t e  Ground Tracks (20 deg. e leva t i on  
v t s i b i l  i t y  contour shown around Wash., D.C. ) 
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Figure 8, GPS Ground Tracks, 1600-2000 hrs GMT, 1 Jan. 1979 
(20 deg. elevat ion v i s i  b i 7  i t y  contour shown around 
Wash., D.C. )  




Satelllte O r b i t  
50 . Posi tim 
10 
[1 2 4 6 8 10 12 14 16 18 20 22 24 
Hours GMT, 1 January 79 
Figure 9, GPS Satellite E l e v a t i o n  Angles at Wash., D.C. 
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F i g u r e  10. Dilution-of-Precision (DOP) Values at Wash., D.C.  
Figure 11, GPS Satellite Elevation Angles a t  Wash,, D.C. 
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Figure 12. Dilution-of-Precision (DOP) Values a t  Wash., D . C .  
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TABLE 5 
GPS SATELLITE TEST WINDOW AT WASHINGTON, D.C.9 ;  
I TEST DATE 
Jan 79 Jan 80 Mar 80 Apr 80 May 80 
GMT GMT GMT G MT GMT 
1642 h r s  160 1 1158 0952 0750 
to t o  t o  t o  to  
1906 h r s  1825 1422 1216 lo14 
, 
* 10 degt-ee elevation window 
TABLE 6 
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3 . 2  GPS REFSAT Test B lock Diagram 
GPS R E F S A T  t e s t  equipment connect ions and o f f - l i n e  da ta  process ing 
a re  shown I n  the  form of a f unc t i ona l  b l ock  diagram on F igu re  1 3 .  The 
'source o r  respons ib le  agent i s  i n d i c a t e d  f o r  each block,;j 
Fo r  s a t e l l i t e  t e s t i n g ,  t h e  REFSAT-aided r e c e i v e r  must a c q u i r e  two 
sets o f  s i g n a l s :  a R E F S A T  s i g n a l  con ta i n i ng  the  re fe rence  c a r r i e r  and the  
128 bps FSK data and s i g n a l s  f rom 4 GPS s a t e l  1 i t es .  P rec i  se ear th -cen te red  
coord ina tes  f o r  the r e c e i v i n g  antenna l o c a t i o n  a top  t he  c o n t r a c t o r ' s  
b u i l d i n g  i n  F a l l s  Church, V i r g i n i a  have been p rov i ded  by t h e  Defense Mapping 
Agency u s i n g  NNS s a t e l l i t e  doppler s h i f t  measurement techniques. The 
REFSAT s i g n a l  w l l l  be r a d i a t e d  f rom a t r a n s m i t t i n g  antenna p laced w i t h i n  
a  few f e e t  o f  the  r e c e i v i n g  antenna. Th i s  arrangement s imu la tes  t he  
REFSAT RF l i n k  a t  such a low power l e v e l  t h a t  FCC l i c e n s i n g  requirements 
and p o s s i b l e  i n t e r f e r e n c e  t o  o t h e r  se r v i ces  a re  avoided. 
The rece i ve r  microprocessor  w i l l  o u t p u t  approx imate ly  100 b i t s  o f  
format  i o n  dur ing  each 12 ms i n t e r p o l a t  i on  i n t e r v a l  (nominal 8300 bps) 
t h e  r e c e i v e r  code c o r r e l a t i o n  process. The p ran  i s  t o  record  t h i s  
data on d i s k  f o r  l a t e r  a n a l y s i s .  i t  i s  planned t o  c o l l e c t  b u r s t  mode 
data d u r i n g  the f i r s t  severa l  days o f  s a t e l l i t e  t e s t i n g  t o  c o n f i r m  
t h a t  r e c e i v e r  and microprocessor  o p e r a t i o n  meet des ign goals.  
Logging mode da ta  w i l l  a l s o  be c o l l e c t e d  throughout  t he  s a t e l l i t e  
t e s t i n g  p e r i o d  and w i l l  p r o v i d e  t h e  i n f o r m a t i o n  needed to compute 
r e c e i v e r  p o s i t i o n .  Dur ing each one-second t ime p e r i o d  cor responding 
t o  a p a r t i c u l a r  REFSAT da ta  word, the r e c e i v e r  microprocessor  w i l l  
ou tpu t  66 8 - b i t  by tes o f  da ta  a t  9600 baud. Th i s  da ta  message con ta ins  
measured pseudo-range va lues ,  a copy o f  the  c u r r e n t  R E F S A T  data  word 
as decoded by the  rece i ve r ,  and c e r t a i n  microprocessor  s t a t u s  t a b l e  
va lues f o r  l a t e r  data r educ t i on .  Th is  da ta  w i l l  be recorded on redun- 
dant aud io  recorders  as d iscussed l a t e r .  
Logging mode da ta  w i l l  be combined w i t h  GPS n a v i g a t i o n  message da ta  
(suppl  ied  by Vandenberg A i  r Force Base ( V A F B ) )  on an o f f - 1  i n e  bas i s  f o r  
computat ion o f  r e c e i v e r  measured p o s i t i o n .  
The s t a b l e  re fe rence  c a r r i e r  needed f o r  t he  REFSAT s i m u l a t i o n  i s  
synthes ized from a  General Radio 1115-C Standard Frequency O s c i l l a t o r  
( 5  p a r t s  i n  l o1*  per  day) .  Th i s  re fe rence  o s c i l l a t o r  a l s o  d r i v e s  a  
t ime word generator  t o  p r o v i d e  the  REFSAT c l o c k  needed f o r  accura te  t i m i n g  
* Government f u rn i shed  equipment ( G F E )  , Howard U n i v e r s i t y  (HU) , 
Systemat ics General Corpora t ion  ( S G C )  . 
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Figure  13. GPS REFSAT Test Block Diagram. 
a t  a 1-ms r a t e  f o r  t he  REFSAT word generator .  A t e l e v i s i o n  " l i n e  10" 
t ime comparison system and WWV r ece i ve r  a l l o w  synch ron i za t i on  o f  the 
REFSAT c l o c k  t o  the G P S  t i m e  sca le  (+ - 560 ps r equ l  red accuracy) 
A Tandy Corporat ion TRS-80 general  purpose microcomputer performs 
the f u n c t i o n  o f  the REFSAT word generator  and a l s o  a i d s  logg ing  mode 
data record ing .  The computer, u t i l i z i n g  a  2-80 microprocessor,  con ta i ns  
a 13 k b y t e  ( 8  b i t )  BAS l C  i n t e r p r e t e r  i n  ROM and has e d i  tor+/assembler 
c a p a b i l i t y  f o r  development o f  machine language programming, I t  may be 
used f o r  a  number o f  da ta  r e d u c t i o n  and genera l  housekeeping tasks i n c i d -  
en ta l  t o  r ece i ve r  t e s t i n g .  Microcomputer i n t e r f aces  w i t h  t e s t  equipment 
connect ions a re  shown on F i g u r e  14. 
3.2.1 REFSAT Word Generator D e s c r i p t i o n  
The REFSAT Word Generator has a data  frame t h a t  con ta ins  f o u r  128 b i t  
words t r ansm i t t ed  i n  synchronism wi  t h  t he  REFSAT c l o c k  a t  a 128 bps r a t e ,  
I n  a d d i t i o n  t o  a t ime  tag ,  each word con ta ins :  
a GPS s a t e l l i t e  i d e n t i f i c a t i o n ;  
Current  p o s i t i o n  coord ina tes  f o r  the se lec ted  GPS s a t e l l i t e  
(con ta ins  dummy da ta  f o r  t he  t e s t  descr ibed here, s i nce  r e c e i v e r  
p o s i t i o n  computat ions w i l l  be performed o f f - l i n e ) ;  
a Current  doppler  es t imates  f o r  t h e  se lec ted  GPS s a t e l l i t e  t o  a l l o w  
r a p i d  a c q u i s i t i o n  o f  t he  chosen GPS s a t e l l i t e  s i g n a l .  
An e r r o r  ana l ys i s  shows t h a t  doppler  es t ima te  i n f o rma t i on  f rom s a t e l l i t e  
almanac da ta  should be computed a t  one-minute i n t e r v a l s .  Since t h e  G P S  
s a t e l l i t e  ground t r acks  repea t  d a i l y ,  the same doppler  es t ima te  i n f o rma t i on  
may be used on successive days, p rov ided  t h a t  t he  t ime o f  t ransmiss ion  i s  
ad jus tcd  t o  take i n t o  account t he  d i f f e r e n c e  between s o l a r  and s i de rea l  t ime  
(see Sec t i on  3 o f  t h i s  document). 
I n  order t o  accommodate a nominal 2.5 hour  t e s t  window, 150 one-minute 
i n t e r v a l s ,  corresponding t o  150 frames o f  REFSAT data,  w i l l  be precomputed 
and p laced i n  computer memory (150x128~11/8 = 9600 bytes requ i red) .  As shown 
i n  F i gu re  14 ,  the  computer w i t h  knowledge o f  the  c u r r e n t  t ime  word generator  
reading s e l e c t s  the  p roper  REFSAT data  frame f o r  t ransmiss ion;  t r a n s f e r s  
the  se lec ted  data frame t o  a p a r a l l e l - t o - s e r i a l  conver te r  on demand, one 
by te  a t  a t ime; and i n s e r t s  a c u r r e n t  t ime  t a g  as requ i red .  
The c l o c k  f o r  the  p a r a l l e l - t o - s e r i a l  conver te r  i s  de r i ved  f rom t h e  
Time Word Generator t o  i n s u r e  accura te  synch ron i za t i on  w i t h  t h e  GPS t i m e  
sca le .  
Microcomputer 
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Consider ing the 128 bps REFSAT data  t ransmiss ion  r a t e ,  t h e  computer 
must ou tpu t  one b y t e  I n  p a r a l l e l  form each 62.5 ms, a l l o w i n g  ample t ime  
f o r  the  computer t o  c a r r y  o u t  o the r  f unc t i ons  i f  des i red .  
3 . 2 . 2  Logging Mode Data Hand l ing  D e s c r i p t i o n  
, Logging mode data (F i gu re  14) f rom t h e  rece i ve r  microprocessor  I s  rece ived 
and conver ted t o  8 b i t  parallel form i n  a n  RS-232 i n t e r f a c e .  Dur ing  each 
nominal 70 ms d a t a  b u r s t ,  successive da ta  by tes  may remain I n  the  l a t c h  
f o r  about 1 ms,  a f f o r d i n g  t h e  computer s u f f i c i e n t  time t o  s e r v i c e  t h e  
REFSAT word genera t ion  f u n c t l o n  and move incoming l ogg lng  mode data  I n t o  
memory. A t  t he  complet ion o f  each nominal 66 b y t e  da ta  b u r s t ,  some 930 ms 
remain be fo re  t he  nex t  da ta  b u r s t .  Duping t h i s  t ime  pe r i od ,  the  computer 
p laces success ive b y t e s  in t h e  ou tpu t  l a t c h  where they  a re  conver ted t o  
RS-232 asynchronous s e r i a l  form. A t  a 1200 baud r a t e ,  t he  66 bytes may be 
t r ansm i t t ed  i n  about 550 ms,  a l l o w i n g  ample t ime be fo re  t h e  n e x t  l ogg ing  
mode da ta  bu rs t .  A  t ime t a g  w I l l  be i n s e r t e d  I n  ou tgo ing  da ta  t o  a i d  
identification i n  the da ta  r educ t i on  process. 
The "slowed down" l ogg ing  mode data  i n  RS-232 format i s  then 
used t o  phase-modulate an audio- f requency c a r r i e r  and be recorded us i ng  
redundant aud io  tape recorders .  A tape play-back u n i t  f i t t e d  w i t h  a 
t ape  i n t e r f a c e  w i l l  then p r o v i d e  a r e p l i c a  o f  the  o r i g i n a l  l ogg ing  
mode data ( w i t h  added t ime  tag)  i n  RS-232 format  f o r  i n p u t  t o  t h e  
Analys is  Computer. 
3 . 2 . 3  Use of Computer t o  A id  Time Word Generator Synchrontrat ion 
The coniputer may a l s o  be used t o  a l d  the process o f  ~ y n s h r o ~ ~ f z i n g  
the REFSAT c lock  w i t h  the  GPS time scale. The t ime word generator 
employed provides the capability o f  advancing o r  re ta rd ing  the REFSAT 
. c lock by p rec i se l y  known va lues.  The REFSAT c lock  may be synchronized 
t o  t he  GPS t ime scale by: 
Advancing or r e t a r d i n g  the t ime word generator f o r  colncldence 
of  i n te rna l  1 pps pulse w i t h  received WWV 1 pps " t i cks "  w i t h  
the a i d  of an osc i l loscope;  
r Further  advancing the t ime word generator t o  account f o r  the 
computed propagation t ime of the  WWV s igna l .  REFSAT c lock  
i s  then synchronized t o  UTC t o  w i t h i n  perhaps + severa l  ms; 
U t i j i z e  computer t o  count the t ime i n t e r v a l  between an 
a r b f t r a r y  1 pps REFSAT c lock  " t i c k H  and the  fo l l ow ing  ' ' l i n e  10" 
pulse obtained from loca l  t e l e v i s i o n  channel 5 emissions; 
U t i l i z e  the computer along w i t h  s tored t ime-of-coincidence 
(ToC) data obta ined i n  advance f rom the Naval Observatory 
t o  compute the REFSAT c lock  e r r o r  re  the UTC t i m e  scale; 
The REFSAT t ime word generator may then be advanced o r  
retarded t o  reduce the  e r r o r  as needed and t o  compensate 
f o r  any d i f fe rences between the  UTC and GPS t ime scales. 
3 , 3  Test  ? rocedure 
The f o l  low1 ng steps w i  1 1  be requ i  r e d  f o r  each day ' s  t e s t  window: 
1 .  Ac t i va te  equipment 
2, Load rn!crocomputer W T  t h :  
a .  Tes t  program 
b. Current da te  
c .  Precomputed REFSAT data  wards 
d. Cur ren t  TV l i n e  10 TOC data 
e, Cur ren t  UTC-GPS t ime s c a l e  o f f s e t  da ta  
3. Check REFSAT c l o c k  synchron iza t ion  and c o r r e c t  I f  requ i red .  
Record clock o f f s e t  and c o r r e c t i o n  If any I n  t e s t  l o g ,  
4. S t a r t  l ogg ing  mode data tape recorders .  
5, S t a r t  l ogg ing  mode computer program. 
6 .  Ac t i va te  REFSAT s imu la t i on  t r a n s m i t t e r  and REFSAT r e c e i v e r .  
Record t e s t  s t a r t  t ime i n  t e s t  l og .  
7 .  Record p e r t i n e n t  observa t ions  or anomalies i n  t e s t  l o g  as 
requ i red. 
8. Enter s top t ime  o f  t e s t  i n  t e s t  log, 
9. Secure equ I pmen t (except re ference  osc i  1 l ator and t i m e  word 
generator ) .  
4 , O  CHECKOUT TEST PERFORMANCE 
T h i s  sec t i on  descr ibes performance t e s t s  o f  the  analog and analog- 
t o - d i g i t a l  i n t e r f ace  p o r t l o n s  o f  t h e  G P S / R E F S A T  r ece i ve r ,  The d i g i t a l  
p o r t  i o n  o f  the rece i ve r  (p-processor) i s  not descr ibed. 
The analog and i n t e r f a c e  p o r t  ions o f  the GPS/REFSAT recib,ver 
perform the f o l l o w i n g  f unc t i ons :  
(1) RF a m p l i f i c a t i o n  and frequency t r a n s l a t i o n  of  rece ived  
G P S  s a t e l i i t e  s i gna l s  and t h e  rece ived  REFSAT re fe rence  
s i gna l ,  
(2 )  Recovery o f  the  REFSAT s igna l  c a r r i e r  t o  p rov ide  the r e c e i v e r ' s  
p rec i s  i o n  frequency re fe rence ,  
(3)  REFSAT s i g n a l  data demcdulat ion and convers ion t o  d i g i t a l  
b i t  stream, 
( 4 )  Doppler c o r r e c t i o n  on command o f  the p-processor f o r  
a c q u i s i t i o n  and t r a c k i n g  o f  GPS s a t e l l i t e  s i g n a l s ,  
(5) Cor re la t i on  o f  l o c a l  PN code rep1 i cas  (from the  p-processor) 
w i t h  those conta ined i n  t he  rece ived  GPS s a t e l l i t e  s i gna l s ,  
(6 )  Conversion o f  analog c o r r e l a t i o n  d a t a  t o  d i g i t a l  form f o r  
feedback t o  t h e  p-processor. 
4.1 R F  Amp1 i f  i c a t  i o n  and Frequency T r a n s l a t  f on Tests  
RF a m p l i f i c a t i o n  and Frequency t r a n s l a t i o n  t e s t s  were performed 
by connect ing a s i gna l  generator  i n  p lace  o f  the  antenna t o  a l l o w  
i n s e r t i o n  o f  a CW s i g n a l  a t  either t he  GPS s a t e l l i t e  s i gna l  o r  REFSAT 
reference s i g n a l  c a r r i e r  f requencies,  A spectrum ana lyzer  was then 
used t o  measure bo th  signal and noise levels throughout t he  GPS and 
REFSAT channels o f  t h e  rece i ve r  f o r  colnparison w i t h  des ign values. 
Design performance has been achieved w i t h i n  expected tolerances, 
The equ iva len t  r e c e i v i n g  system noise temperature was determined 
by n o t i n g  t h e  s i gna l  l e v e l  ou tpu t  f rom the s i g n a l  generator  r equ l red  
t o  produce a given s i gna l - t o -no i se  r a t i o  i n  a known bandwidth. An e f f e c t i v e  
va lue o f  1696 Ke l v i n  was measured (0.7 dB g rea te r  than design va lue  o f  
1434 K g i ven  In Table 1 ) .  
4.2 REFSAT Signal  C a r r i e r  Recovery 
The REFSAT approach a l l o w s  s t a b i l i t y  requirements f o r  the r e c e l v e r  
master o s c i  1 l a t o r  (and d e r i v e d  local o s c i  l l a t o r  s i gna l s )  to  be r e l axed  
to 1 ppm, The REFSAT c a r r i e r  recovery loop  must then be capable o f  
a c q u i s i t i o n  and t r a c k i n g  ove r  a range g r e a t e r  khan the  maximum frequency 
u n c e r t a i n t y  assoc ia ted w i t h  t he  r ece i ve r  master o s c i l l a t o r .  
The cap tu re  range o f  t h e  c a r r i e r  recovery  loop was measured by 
connect ing a s i g n a l  genera to r  i n  p lace  o f  the r e c e i v i n g  antenna, 
a d j u s t i n g  the  generator o u t p u t  t o  the  expected rece ived REFSAT s i g n a l  
l e v e l ,  The s i g n a l  genera to r  frequency was then v a r i e d  about the  REFSAT 
c a r r i e r  f requency and the loop  capture range l i m i t s  measured. A range 
o f  - + 28 ppm was measured. 
4 .3  REFSAT Signal  Data Demodulation 
Demodulation o f  t he  REFSAT s i gna l  and convers ion to  a d i g i t a l  b i t  
stream f o r  i n p u t  to the  p-processor was checked by i n s e r t i n g  s imu la ted  
s igna ls  i n t o  the  data demodulator c i r c u i t s .  
4 , 4  Doppler Cor iaect ion 
A d i g i r a l - t o - a n a l o g  conver te r  and a v o l t a g e - c o n t r o l l e d  o s c i l l a t o r  
( V C O )  a re  used f o r  doppler  c o r r e c t i o n  on command f r o n  the p-processor.  
A t o t a l  c o r r e c t i o n  range o f  + 4000 Hz, i n  25 Hz steps, is r equ i r ed  to 
achieve an abso lu te  f requencT e r r o r  o f  50 H z ,  o r  less .  
A f t e r  i n i t i a l  V C O  adjustment,  a  s lew ing  r a t e  In excess o f  4000 Hz 
per  m i l l i s e c o n d  was measured. A t e s t  c i r c u i t  s imulated d i g i t a l  commands 
fram the  p-processor.  The c o r r e c t i o n  range and abso lu te  accuracy was 
checked p e r i o d i c a l l y  f o r  severa l  months w i t h o u t  f u r t h e r  c i r c u i t  adlustment.  
A c o r r e c t i o n  range i n  excess o f  + 5000 Hz, i n  25 Hz s teps,  w i t h  a wors t -  
case abso lu te  frequency e , r ro r  of-21 Hz, was observed. 
4.5 C o r r e l a t i o n  
Dur ing normal r e c e i v e r  opera t ion ,  c o r r e l a t i o n  i s  ach ieved by app l y i ng  
rece ived GPS s a t e l l i t e  s i g n a l s  t o  one i n p u t  o f  a double-balanced m ixe r  and a- 
l oca l l y -genera ted  s igna l  r e p l i c a  t o  the o t h e r  mixer  input .  The m ixe r  ou tpu t ,  
a f t e r  low-pass f i l t e r i n g ,  i s  app l ied  t o  an integrate-and-dump c i r c u i t .  
I h e  c o r r e l a t i o n  process i s  "non-coherent" i n  t h a t  the  c a r r i e r  assoc ia ted  
w i t h  the l oca l l y -genera ted  r e p l i c a  i s  n o t  coherent  w i t h  the GPS sa t -  
e l l l t e  s i g n a l  v i r t u a l  c a r r i e r  (The local c a r r i e r  w i l l  be ad jus ted  t o  
w i t h i r  -b 25 Hz of  the GPS c a r r i e r  by p-processor  command t o  t he  doppler  
cornpensat i o n  c i r c u i  t s )  . I l l  n-phase" and "quadrature" in tegrate-and-  
dump c i r c u i t s  then p rov ide  t he  requ i r ed  feed-back v i a  a n a l o g - t o - d i g i t a l  
conve; l e r s  t o  t he  p-processor t o  p rov i de  sequen t i a l  a c q u i s i t i o n  and 
t r a c k i n g  o f  4 se lec ted  G P S  sate1 1 i t e  s i gna l s .  
The analog po r t i ons  o f  the rece i ve r  assoc ia ted  w i t h  the c o r r e l a t i o n  
process were t es ted  by connect ing a CW s i g n a l  generator  i n  p l a c e  of  t he  
antenna. The s inna l  genera to r  ou tpu t  was a d j u s t e d  t o  the expected GPS s a t e l l i t e  
s igna l  l e v e l s .  The s i gna l  genera to r  frequency was se t  t o  the  nominal 
(zero dopp le r )  G P S  s igna l  f requency. Under these cond i t i ons ,  bo th  t h e  
sinrulated GPS s i gna l  and t h e  l oca l l y -gene ra ted  r e p l i c a  a p p l i e d  to  the 
c o r r e l a t i o n  mixers  were CW s i g n a l s .  The c o r r e l a t o r  ou tpu t  then s imulates 
t h a t  w h j c h  would r e s u i t  f rom p e r f e c t  a l ignment  o f  the  rece ived  and 
loca l l y -genera ted  P N  codes. An examinat ion of t h e  r e s u l t a n t  s i g n a l s  
w i t h i n  the  " i  n-phase" and "quadrature" i ntegrate-and-dump c i  rcu i t s  w i  t h  
a dual-channel osc i l l o scope  showed s a t i s f a c t o r y  c o r r e l a t i o n  performance. 
4.6 Conversion of Analog C o r r e l a t i o n  Data t o  D i g i t a l  Form 
The analog outputs  o f  the integrate-and-dump c i r c u i t s  descr ibed  
i n  the previous sec t i on  a r e  conver ted t o  d i g i t a l  form f o r  i n p u t  t o  
t he  p-processor.  Operat ion o f  t he  a n a l o g - t o - d i g i t a l  conver te rs  was 
t es ted  by app l y i ng  a v a r i a b l e  DC l e v e l  t o  t h e  conver te r  i n p u t  w i t h i n  
the  range o f  l e ve l s  observed i n  t h e  p rev ious  sec t i on .  D i g i t a l  ou tpu t  
values c o r r e l a t e d  w i t h  DC i n p u t  l e v e l s  w i t h i n  des ign l i m i t s .  
